Rationale: Angiogenesis contributes to physiological and pathological conditions, including atherosclerosis. The Rap1 small G protein regulates vascular integrity and angiogenesis. However, little is known about the effectors of Rap1 involved in angiogenesis. It is not known whether afadin, an adherens junction protein that connects immunoglobulin-like adhesion molecule nectins to the actin cytoskeleton and binds activated Rap1, plays a role in angiogenesis. Objective: We investigated the role of endothelial afadin in angiogenesis and attempted to clarify the underlying molecular mechanism. Methods and Results: Treatment of human umbilical vein endothelial cells (HUVECs) with vascular endothelial growth factor (VEGF) and sphingosine 1-phosphate (S1P) induced the activation of Rap1. Activated Rap1 regulated intracellular localization of afadin. Knockdown of Rap1 or afadin by small interfering RNA inhibited the VEGF-and S1P-induced capillary-like network formation, migration, and proliferation, and increased the serum deprivation-induced apoptosis of HUVECs. Knockdown of Rap1 or afadin decreased the accumulation of adherens and tight junction proteins to the cell-cell contact sites. Rap1 regulated the interaction between afadin and phosphatidylinositol 3-kinase (PI3K), recruitment of the afadin-PI3K complex to the leading edge, and the activation of Akt, indicating the involvement of Rap1 and afadin in the PI3K-Akt signaling pathway. Binding of afadin to Rap1 regulated the activity of Rap1 in a positive-feedback manner. In vivo, conditional deletion of afadin in mouse vascular endothelium using a Cre-loxP system impaired the VEGF-and S1P-induced angiogenesis. Conclusions: These results demonstrate a novel molecular mechanism by which Rap1 and afadin regulate the VEGF-and S1P-induced angiogenesis. (Circ Res. 2010;106:1731-1742.)
such as RAPL and RIAM, have been identified as the downstream molecules of Rap1, 6, 7 little is known about the effectors of Rap1 involved in angiogenesis.
Afadin, originally identified as an actin-binding protein, is localized at adherens junctions and is structurally similar to the AF-6 gene product. 13 Afadin is an adaptor protein, binds many scaffolding and actin-binding proteins, and contributes to the association of immunoglobulin-like cell adhesion molecule nectins with other cell-cell adhesion and intracellular signaling systems. 14, 15 Nectins and afadin have pleiotro-pic functions in cell-cell adhesion and in cell movement, proliferation, survival, and polarization, and act cooperatively with other adhesion molecules and cell surface membrane receptors. 14, 15 In epithelial cells, afadin, after binding to Rap1 through the Ras association (RA) domain, recruits epithelial (E)-cadherin to the nectin-based cell-cell contact sites, which results in the establishment of adherens junction formation. 16, 17 We have demonstrated that afadin regulates cell adhesion and polarity in epithelial cells and neurons, and cell movement of fibroblasts. 14, 18, 19 The roles of afadin in tubulogenesis and angiogenesis are unknown, but the current literature implies afadin may be a promising candidate protein linking Rap1 to angiogenesis. In this study, we therefore attempt to clarify the roles of Rap1 and afadin in the VEGF-and sphingosine 1-phosphate (S1P)induced angiogenesis.
Methods
Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza. Experimental procedures for plasmids, antibodies, cell culture, in vitro assays, and animal studies are described in the expanded Methods section, available in the Online Data Supplement at http://circres.ahajournals.org.
Results

Rap1-Dependent Intracellular Localization of Afadin
The treatment of HUVECs with VEGF and S1P resulted in an increase in GTP-bound Rap1 in a time-dependent manner, indicating that VEGF and S1P induce the activation of Rap1 (Online Figure I Afadin, known to interact with Rap1, 16, 20, 21 was tested to identify the target molecules of Rap1. Afadin has several alternative splicing sites in the C-terminal region, resulting in four identified splicing variants, including l-afadin (or simply afadin) and s-afadin/AF-6. 13, 22 Western blot analysis revealed that l-afadin was predominantly expressed in HUVECs, and that both l-afadin and s-afadin were expressed in rat brain (Online Figure I, B ). Immunofluorescence microscopy showed that the signal for afadin was observed at the nucleus and perinuclear regions in any single HUVEC (Online Figure II, A) and concentrated at the cell-cell contact sites between adjacent HUVECs during cell-cell adhesion, which was colocalized with the signal for CD31 (Online Figure II, B) . Afadin was localized at the nucleus and perinuclear regions and the plasma membrane in confluent HUVEC monolayers (Online Figure II, C). Importantly, at the plasma membrane, afadin was concentrated at the cell-cell adhesion sites. Knockdown of afadin did not reduce the observed nuclear and perinuclear signals, indicating that the recorded nuclear and perinuclear signals were nonspecific, as shown later (Figure 4 ).
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Active GTP-bound Rap1 binds to afadin with much higher affinity than its inactive GDP-bound form 20, 21 ; thus Rap1, depending on its state of activation, may regulate the localization and function of afadin. In cells expressing green fluorescent protein (GFP)-Rap1-constitutively active (CA), the Rap1-CA signal was concentrated at the plasma membrane in addition to the nucleus and perinuclear regions, and afadin was more prominently localized at the plasma membrane as compared with untransfected HUVECs (Figure 1A , top). Afadin was also colocalized with exogenous Rap1-CA. In contrast, in cells expressing GFP-Rap1GAP that activates Rap1, afadin was observed in the perinuclear area with little found associated with the plasma membrane ( Figure 1A , bottom). These findings indicate that Rap1 regulates the subcellular localization of afadin and that activated Rap1 recruits afadin to the plasma membrane, whereas the inactivation of Rap1 potentiates its dissociation from the plasma membrane. Support for these findings comes from cotransfection of FLAG-Rap1-CA and GFP-afadin, which resulted in an accumulation of afadin at the plasma membrane ( Figure  1B , top). In contrast, the cotransfection of FLAG-Rap1-CA and GFP-afadin-⌬RA, a mutant of afadin that lacks the RA domain, did not result in any apparent localization of afadin-⌬RA at the plasma membrane ( Figure 1B, bottom) . Taken together, these results emphasize the importance of Rap1 for targeting of afadin to the plasma membrane.
Rap1 may regulate the intracellular localization of afadin in motile HUVECs. Most cells were polarized and migrated toward higher concentrations of VEGF and S1P when the cells were sparsely plated on -slide and directionally stimulated by VEGF and S1P ( Figure 1C ). The colocalization of afadin with Rap1 at the leading edge was observed in VEGF-stimulated HUVECs ( Figure 1C , top). The colocalization of VEGFR2 with Rap1, afadin, C3G (a GEF for Rap1) and Crk (a regulator of C3G) at the leading edge was observed in VEGF-stimulated HUVECs (Online Figure III, A and B) . Similarly, S1P-stimulated HUVECs displayed the colocalization of afadin with Rap1 in addition to the colocalization of the S1P receptor 1 (S1P1) with Rap1, afadin, C3G, and Crk at the leading edge ( Figure 1C 
Regulation of Proangiogenic Activities by Rap1 and Afadin
Western blot analysis demonstrated that Rap1 and afadin small interfering (si)RNAs effectively knocked down the corresponding proteins ( Figure 2A ). The VEGF-and S1Pinduced capillary-like network formation on Matrigel ( Figure  2B and Online Figure VI ) and in 3D collagen gels ( Figure  2C ), migration ( Figure 3A through 3D), and proliferation ( Figure 3E and 3F) were reduced in Rap1-or afadinknockdown HUVECs when compared with control HUVECs. Annexin V staining and TUNEL assay demonstrated that apoptosis induced by serum deprivation was enhanced by the knockdown of Rap1 and afadin ( Figure 3G and 3H). These results indicate that Rap1 and afadin are critical for the proangiogenic activities of VEGF and S1P. Overall, in comparison with the knockdown of afadin, the knockdown of Rap1 more potently inhibited the proangiogenic activities, implying the distinct contribution of the downstream effectors of Rap1 other than afadin (eg, RAPL). 12
Regulation of the Localization of Junction Proteins by Rap1 and Afadin
The immunofluorescence signals for nectin-2, VE-cadherin, and tight junction proteins, such as JAM-A and claudin-5, were observed at the cell-cell contact sites in control HUVECs. They were inhibited by knockdown of Rap1 and afadin ( Figure 4A through 4D). Knockdown of Rap1 decreased the localization of afadin at the cell-cell contact sites (90.0% versus 41.3%, nϭ300 sites). This finding supports the role of Rap1 in regulating the intracellular localization of afadin. However, the signal for CD31 was observed at the cell-cell contact sites in Rap1-or afadin-knockdown HUVECs (Online Figure VII, A) . Phalloidin staining was performed to visualize cell morphology and the actin cytoskeleton (Online Figure VII, B) . Control HUVECs exhibited a well spread morphology and displayed a strong perijunctional staining, reflecting thickened F-actin bundles. However, Rap1-knockdown HUVECs appeared to be angular and less spread morphology and showed weaker perijunctional staining. Likewise, afadin-knockdown HUVECs showed thin and elongated morphology and weaker perijunctional staining. Western blot analysis demonstrated that expression levels of nectin-2, VE-cadherin, JAM-A, claudin-5, and CD31 in Rap1-or afadin-knockdown HUVECs were not lower than those in control HUVECs (Online Figure VII, C). We therefore conclude that Rap1 and afadin are required for the accumulation of adherens and tight junction proteins to the cell-cell contact sites. 
Regulation of Proangiogenic Signaling by Afadin
The Akt-endothelial nitric oxide synthase (eNOS) pathway is critical for angiogenesis induced by VEGF and S1P. [23] [24] [25] In sparsely plated nonsilencing control siRNA-, Rap1 siRNA-and afadin siRNA-transfected HUVECs, VEGF and S1P increased the phosphorylation of Akt and eNOS. This increase was inhibited in Rap1-or afadin-knockdown HUVECs when compared with control cells ( Figure 5 ). Consistently, the phosphorylation of Akt and eNOS in response to VEGF and S1P was decreased in confluent Rap1-or afadin-knockdown HUVECs when compared with confluent control HUVECs (Results not shown). The phosphorylation of extracellular signal-regulated kinase (ERK) and p38 occurred irrespective of knockdown of Rap1 or afadin, indicating the selective regulation of the Akt-eNOS pathway by Rap1 and afadin. Thus, Rap1 and afadin regulate the activation of the Akt-eNOS pathway.
VEGF increased the tyrosine phosphorylation of VEGFR2 and the interaction of the p85 regulatory subunit of PI3K with VEGFR2 in control HUVECs (Figure 6A through 6C) . However, in afadin-knockdown HUVECs, the VEGFinduced increase in the interaction of p85 with VEGFR2 was not observed, although the tyrosine phosphorylation of VEGFR2 occurred ( Figure 6A through 6C ). In addition, the VEGF-increased interaction of p85 with VEGFR2 was not observed in Rap1-knockdown HUVECs ( Figure 6C ). These results indicate that Rap1 and afadin regulate the interaction of p85 with VEGFR2.
The interaction of afadin with p85 is critical for the activation of Akt and cell survival in NIH3T3 cells. 26 Coimmunoprecipitation assays revealed that afadin interacts with p85 in HUVECs and that this interaction is decreased by knockdown of Rap1, irrespective of whether the cells are stimulated by VEGF and S1P ( Figure 6C ). These results indicate that Rap1 regulates the interaction of afadin with p85.
The ␣ and ␤ isoforms of PI3K play a major role in the proangiogenic response and the activation of Akt induced by Figure 5 were immunoprecipitated with anti-VEGFR2 antibody. The immunoprecipitates were subjected to Western blotting with the indicated antibodies. B, Coimmunoprecipitation of p85 with VEGFR2. The immunoprecipitates prepared as described in A were subjected to Western blotting with the indicated antibodies. C, Coimmunoprecipitation of VEGFR2 and afadin with p85. The lysates of HUVECs treated as described in Figure 5 were immunoprecipitated with anti-p85 antibody. The immunoprecipitates were subjected to Western blotting with the indicated antibodies. Histograms show intensity ratios of the bands of coimmunoprecipitated VEGFR2 (top) and afadin (bottom) to p85 (nϭ3). The value of the left lane is expressed as 1. †PϽ0.01 vs control siRNA. D and E, Colocalization of p110 with VEGFR2 and S1P1. HUVECs, transfected with the indicated siRNAs, were stimulated by VEGF or S1P for 30 minutes and stained with the indicated antibodies. Arrowheads indicate the leading edges. Bars: 20 m. F, Surface expression of VEGFR2 and S1P1. HUVECs, transfected with the indicated siRNAs, were subjected to the flow cytometric analysis.
VEGF and S1P, respectively. [27] [28] [29] Immunofluorescence microscopy demonstrated that in control HUVECs in the presence of VEGF, the immunofluorescence signal for the p110␣ catalytic subunit of PI3K was colocalized with that for VEGFR2 at the leading edge ( Figure 6D ). The colocalization of the signal for p110␣ with that for VEGFR2 was not observed in Rap1-and afadin-knockdown HUVECs ( Figure  6D) . Similarly, the colocalization of the signal for p110␤ catalytic subunit with that for S1P1 was observed in control HUVECs, but not in Rap1-and afadin-knockdown HUVECs ( Figure 6E ). However, flow cytometry revealed that the surface expression levels of VEGFR2 and S1P1 are not changed by knockdown of Rap1 or afadin ( Figure 6F ). These results indicate that VEGFR2 or S1P1 is not concentrated, but diffusely distributed on the plasma membrane in Rap1-and afadin-knockdown HUVECs. Collectively, these findings clearly demonstrate that Rap1 and afadin control the PI3K signaling by regulating the interaction of PI3K with the receptors for VEGF and S1P.
Regulation of the Activities of Rap1 and Rac1 by Afadin
Pull-down assays revealed that the amount of GTP-bound Rap1 was decreased in afadin-knockdown HUVECs at the basal and VEGF-or S1P-stimulated states as compared with that in control cells, indicating that afadin regulates the activation of Rap1 ( Figure 7A ). To examine the role of the interaction of afadin with Rap1 in the activation of Rap1, GFP-tagged mutants of afadin and FLAG-tagged constitutively active Rap1 (FLAG-Rap1-CA) were ectopically expressed in HEK 293 cells, and FLAG-Rap1-CA was immunoprecipitated by FLAG antibody. Full-length afadin and afadin-RA, but not afadin-⌬RA, were coimmunoprecipitated ( Figure 7B ). Under these conditions, full-length afadin and afadin-RA, but not afadin-⌬RA, increased the amount of active GTP-bound Rap1 ( Figure 7C ). Thus, afadin regulates the activity of Rap1 by interacting with Rap1 in a positivefeedback manner.
The role of afadin in the activation of Rac1, a downstream of Rap1, 8 was further examined. Pull-down assays demon- Figure VIII, A) . Consistently, immunofluorescence microscopy showed that the signals for Rac1 and a Rac1 GEF Vav2 were hardly detected at the leading edge in Rap1-or afadin-knockdown HUVECs (Online Figure VIII, B and C).
Requirement of Afadin in Endothelium for Postnatal Angiogenesis
Endothelial-specific afadin-knockout mice were produced by crossing homozygous floxed afadin mice (afadin flox/flox ) with heterozygous floxed afadin mice, which also carried a Cre recombinase controlled by the Tie2-promoter enhancer (afadin flox/WT ; Tie2Cre) (Online Figure IX, A and B) . 30 The lack of afadin in vascular endothelium of afadin-knockout mice was confirmed by Western blot analysis using primary cultured lung ECs and immunohistochemistry of the lung (Online Figure IX, C and D) . Among 169 genotyped 3-weekold mice born from crosses between afadin flox/flox and afadin flox/WT ; Tie2Cre parents, viable afadin knockouts were obtained at markedly reduced frequency (6/169, 3.6%) than that expected (25%), suggesting that endothelial afadin is indispensable for embryonic development. Postnatal angiogenesis was assessed by retinal vascular development, the Matrigel plug assay and the hindlimb ischemia model. Compared with control afadin flox/flox mice, spreading of retinal blood vessels toward the retinal periphery was significantly retarded at postnatal day (P)4 ( Figure 8A ), but was similar at P7 (Online Figure X, A) in afadin-knockout mice. Immunofluorescence microscopy demonstrated that, although no significant differences were observed in tip cell number and filopodia formation ahead of the expanding retinal vasculature, the number of vascular meshes, in particular, fine meshes were decreased and the discontinuous signal for VE-cadherin was frequently observed in afadin-knockout mice (Online Figure X, B ). In addition, the Matrigel plug assay showed that the length of newly formed vessels and the hemoglobin content in the Matrigel plugs were significantly lower in afadin-knockout mice than in afadin flox/flox mice ( Figure 8B and 8C). Compared with control afadin flox/flox mice, blood flow recovery in ischemic limbs was impaired in heterozygous afadin-knockout (afadin flox/WT ; Tie2Cre) mice ( Figure 8D ). Immunofluorescence microscopy revealed that capillary density in ischemic limbs of heterozygous afadin-knockout mice was decreased compared with that of afadin flox/flox mice ( Figure 8E ). Taken together, these results indicate that afadin is critical for postnatal angiogenesis.
Discussion
Evidence demonstrating the important role of Rap1 in angiogenesis is currently accumulated. 6,7,9 -12 However, downstream mediators of Rap1 remain to be poorly understood. We demonstrated here that afadin plays a critical role in proangiogenic activities of ECs and in vivo angiogenesis and clarified how afadin regulates endothelial signaling downstream of Rap1. Because we have reported that afadin regulates migration and survival in fibroblasts 13, 18, 26, 31 and cell-cell adhesion in epithelial cells, 14, 32 the critical roles of afadin in migration, survival and cell-cell adhesion in ECs are consistent with our previous reports. However, the role of afadin in tubulogenesis has not been investigated. We showed here that the knockdown of afadin inhibits the capillary-like tube formation on Matrigel and in 3D collagen gels, indicating the important role of afadin in tubulogenesis. The in vivo studies showed that postnatal vascular network formation in mouse retina and in the Matrigel plugs subcutaneously implanted into mouse abdomen is inhibited in afadinknockout mice. These results are consistent with our results obtained from the in vitro studies. The morphological differentiation of ECs into highly dynamic tubular structures requires the extensive reorganization of the actin cytoskeleton. We have reported that afadin regulates the dynamic reorganization of the actin cytoskeleton during cell-cell adhesion and cell movement through the direct binding to F-actin and F-actin-binding proteins such as IQGAP1 and annexin II and through the activation of signaling molecules such as c-Src, Rap1 and the Rho family small G proteins including Cdc42 and Rac. 14, 32 Indeed, it is reported that IQGAP1, 33 annexin II, 34 Rac and Cdc42 35, 36 regulate angiogenesis. Therefore, afadin is likely responsible for the spatial and temporal regulation of actin dynamics at the stage of tubulogenesis besides cell-cell adhesion and cell movement through the regulation of these F-actin-binding proteins and signaling molecules in ECs.
In comparison with Rap1-knockdown cells, afadinknockdown cells showed less proliferative activity but more antiapoptotic activity. Cell proliferation is a complex process that not only involves apoptosis, but also DNA synthesis, cell cycle progression and chromosome segregation. Afadin could have an effect on any of these processes to promote cell proliferation. Thus, our results suggest that Afadin plays a more pivotal role in factors other than apoptosis that regulate cell proliferation.
It was reported that the knockdown of Rap1A and Rap1B blocks the VEGF-induced activation of Akt, 12 which is consistent with the results of the present study. However, the mechanism by which Rap1 regulates the activation of Akt has not been clarified. We showed here that Rap1 regulates the VEGF-induced activation of Akt at the step of the activation of PI3K through the interaction of VEGFR2 with p85. Rap1 activated by VEGF stimulates the interaction of afadin with p85 and simultaneously recruits the afadin-p85 complex to the leading edge where VEGFR2 is activated. Activated VEGFR2 thus interacts with recruited p85, which further recruits p110, resulting in the activation of the PI3K-Akt signaling pathway. However, we did not detect the direct interaction of afadin with p85 by affinity chromatography using pure recombinant proteins (data not shown). This finding suggests that posttranslational modification(s) of either afadin, p85, or both and/or an unidentified molecule(s) is involved in the interaction of afadin with p85.
The mechanism of the VEGF-and S1P-induced activation of Rap1 is unknown. There is no study that demonstrates clearly the involvement of Crk and C3G in the VEGF-and S1P-induced activation of Rap1, although the involvement of these molecules is highly predicted. In this study, we further showed that afadin reciprocally regulates the activity of Rap1. However, the underlying mechanism is unclear. It is conceivable that RapGAPs such as Rap1GAP and SPA-1, which were previously reported to interact with afadin, 37 could be involved. Indeed, we recently reported that the interaction of Rap1 with afadin increases the activity of Rap1 in NIH3T3 cells and that this interaction prevents the SPA-1-induced inactivation of Rap1. 19 It was reported that both the transinteraction of nectins and the trans-interaction of VEcadherin induces the activation of Rap1. 38, 39 Therefore, afadin potentially regulates the activity of Rap1 by two mechanisms: (1) prevention of the inactivation of Rap1 by direct binding to Rap1 and/or RapGAP; and (2) enhancement of the formation of the nectin-and/or VE-cadherin-dependent cell-cell adhesion, although the latter mechanism might be involved during and/or after the formation of cell-cell adhesion. Further studies are required to clarify the mechanism of the regulation of the activity of Rap1 by VEGF, S1P, and afadin. 
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